Aims/hypothesis Diabetes promotes cerebral neovascularisation via increased vascular endothelial growth factor (VEGF) angiogenic signalling. Roundabout-4 (ROBO4) protein is an endogenous inhibitor of VEGF signalling that stabilises the vasculature. Yet, how diabetes affects ROBO4 function remains unknown. We hypothesised that increased VEGF signalling in diabetes decreases ROBO4 expression and function via binding of ROBO4 with VEGF-activated β3 integrin and that restoration of ROBO4 expression prevents/repairs cerebral neovascularisation in diabetes. Methods ROBO4 protein expression in a rat model of type 2 diabetes (Goto-Kakizaki [GK] rats) was examined by western blotting and immunohistochemistry. ROBO4 was locally overexpressed in the brain and in primary brain microvascular endothelial cells (BMVECs). GK rats were treated with SKLB1002, a selective VEGF receptor-2 (VEGFR-2) antagonist. Cerebrovascular neovascularisation indices were determined using a FITC vascular space-filling model. Immunoprecipitation was used to determine ROBO4-β3 integrin interaction.
Introduction
Diabetes increases the risk and amplifies the severity of cerebral disorders including stroke and cognitive decline [1] . Accelerated macrovascular disease and atherosclerosis contribute to these complications in diabetes [2] . There is growing evidence that microvascular disease may also be involved. Microangiopathy, functional and structural dysfunction associated with small vessels, is a primary factor in the development and progression of diabetes-related disabilities including blindness, kidney failure and peripheral neuropathy [1] [2] [3] [4] [5] [6] . Yet, the effects of diabetes on the cerebral microvasculature are still largely unclear. We recently showed that GotoKakizaki (GK) rats, a lean and moderate model of type 2 diabetes, have excessive cerebral neovascularisation and that these newly formed and remodelled vessels are poorly organised, poorly perfused, immature and lack pericyte support [7] . Better understanding of the regulation of cerebrovascular architecture in diabetes will identify novel targets for prevention and treatment of cerebral complications associated with the disease.
Roundabout (ROBO) family members were originally discovered as axon guidance molecules that mediate repulsive signalling mechanisms in the central nervous system [8] [9] [10] . ROBO4 is an endothelial-cell-specific ROBO protein that can bind to Slit-2. The Slit-2-ROBO4 signalling pathway regulates endothelial permeability and maintains the integrity of the vascular network by inhibiting cytokine-mediated vasculogenesis and hyperpermeability [11, 12] . Slit proteins are secreted by glial cells and other tissues [9, 13] . ROBO4 is predominantly expressed in endothelial cells, including embryonic endothelium and tumour vascular endothelium, and is structurally different from the other ROBO proteins [14, 15] . Whether and to what extent ROBO4 expression is altered in the diabetic brain vasculature is not known.
Vascular endothelial growth factor (VEGF) is a key driver of neovascularisation and vascular permeability [16] [17] [18] . We demonstrated that diabetes-induced cerebral neovascularisation is accompanied by elevated VEGF-A expression and VEGF receptor-2 (VEGFR-2) activation [7] . Furthermore, primary brain endothelial cells isolated from GK rats retained elevated VEGF-induced angiogenic properties. Studies carried out over the past decade have shown that ROBO4-Slit-2 signalling inhibits the VEGF signal [10, 11, 19, 20] . A crosstalk exists between VEGFR-2 and integrin α v β3 such that VEGF activates β3 integrin via phosphorylation (tyrosine 747) contributing to pathological angiogenesis [21] [22] [23] [24] . Recent reports showed possible binding between ROBO4 and integrin [20] . Yet, little is known regarding the complex interaction between VEGF, ROBO4 and β3 integrin in diabetes.
In the present study, we tested the following hypotheses: (1) augmented VEGF signalling in diabetes decreases endothelial ROBO4 expression in the cerebral vasculature via promotion of its binding to activated β3 integrin; and (2) restoration of ROBO4 expression prevents/repairs cerebral neovascularisation in diabetes.
Methods Animals
Experiments were performed using Wistar and diabetic GK rats (in-house bred, derived from the Tampa colony or purchased from the Tampa colony, Taconic, Hudson, NY, USA). Since the GK model was developed from glucose-intolerant Wistar rats, this strain was used as control as previously described [7, 25, 26] . The rats were housed at the Augusta University animal care facility, which is approved by the American Association for Accreditation of Laboratory Animal Care. All protocols were approved by the institutional animal care and use committee. Rats were fed standard rat chow and tap water ad libitum. Body weight and blood glucose measurements were taken biweekly. Blood glucose measurements were taken from tail-vein samples using a commercially available glucometer (Freestyle; Abbott Diabetes Care, Alameda, CA, USA). HbA 1c was measured using A1CNow strips (Polymer Technology, Indianapolis, IN, USA). Urine albumin was measured using Chemstrip Micral stips (Roche, Indianapolis, IN, USA); results were scored as null, + (20 mg/ l), ++ (50 mg/l) and +++ (100 mg/l). Body weight, blood glucose, HbA 1c and albuminuria are presented in Table 1 .
Randomisation
Upon arrival, rats were randomised to receive either vehicle or treatment by cage. Rats were treated with a cell-permeable, selective and potent VEGFR-2 kinase inhibitor VII, SKLB1002 (Millipore, Billerica, MA, USA), at a dose of 10 mg/kg body weight, delivered daily by intraperitoneal injection for 2 weeks. For preventive studies, SKLB1002 treatment was started at 10 weeks of age at the onset of diabetes. For reparative studies, treatment was started 14 weeks after development of vascular disease.
Assessment of neovascularisation
Vascularisation patterns and density were measured using the space-filling FITC-dextran (mol. wt 2,000,000; Sigma, St Louis, MO, USA) method as we recently described [27, 28] . Briefly, rats were anaesthetised and injected with FITC-dextran via the jugular vein 10 min before being killed. Brains were cut into 2 mm slices (labelled A-G, rostral to caudal; Fig. 2c ). Z-stacked confocal images of 50-100 μm sections from region C (medial, where the middle cerebral artery [MCA] branches out to supply the frontal motor cortex, bregma 1 to −1) were acquired using a Zeiss 780 upright confocal microscope (Carl Zeiss MicroImaging, Thornwood, NY, USA). Regions of interest (ROI) within the cortex and striatum were based on our previous findings demonstrating the location of infarcts and haemorrhage in rats after induction of focal ischaemic stroke.
All images were captured by the same operator to ensure that the same imaging parameters were used. Analyses of the acquired images were performed by an investigator blinded to the experimental groups. Vascular volume and vascular surface area were measured using Volocity 6 software (Improvision, Lexington, MA, USA). The vascular volume represented the ratio of the volume of the vasculature to the total volume of the whole section on a stacked image and surface area was calculated as the surface area of the vasculature that was normalised to the thickness of the stacked image. Vascular density and tortuosity index were calculated using FIJI software, an image processing and analysis version of ImageJ software (https://imagej.nih.gov/ij/index.html). Vascular density refers to the density of FITC-stained vasculature from the merged planes over the total number of planes in the section. To assess vessel tortuosity, the tortuosity index was calculated as the ratio between branch length and Euclidian distance of the branch. ROI measurement from one rat comprised a mean value of six images from either the cortical or striatal region [7] .
Immunolocalisation studies
Brain sections were blocked using 0.1% horse serum dissolved in 1% BSA in 0.3% Triton X-100 in PBS. Sections were reacted to polyclonal anti-ROBO4 antibody (Abcam, Cambridge, MA, USA). Antibodies were validated using a negative control method. Primary antibodies were specific for rat and used in 1:200 dilutions in 1% BSA in 0.3% Triton X-100 in PBS. Sections were then incubated with 1:1000 dilutions of Texas Red-conjugated goat anti-mouse or goat anti-rabbit antibodies (Invitrogen, Carlsbad, CA, USA) for 2 h. Samples were washed with PBS and imaged. ROI were imaged using a Zeiss 780 upright confocal microscope and were analysed, by a researcher blinded to grouping, for optical density using Image J software.
Pericyte identification
Brain sections were blocked using 0.1% horse serum dissolved in 1% BSA in 0.3% Triton X-100 in PBS. Sections were reacted to rabbit polyclonal anti-platelet-derived growth factor (PDGF) receptor-β antibody (Santa Cruz, Cambridge, MA, USA). The primary antibody was specific for rat and used in 1:200 dilutions in 1% BSA in 0.3% Triton X-100 in PBS. Slides then were mounted with DAPI nuclear stain (Vector Laboratories, Burlingame, CA, USA). The pericyte nucleus was identified as a round nucleus, compared with the elliptical endothelial cell nucleus, in the vascular area and was further confirmed with PDGF receptor-β antibody (Abcam). Images of the ROI were selected as described in Fig. 2d and were acquired using a Zeiss 780 upright confocal microscope.
ROBO4 overexpression
In vivo experiments Robo4 adenovirus (3 μl of 1.85 × 10 12 viral particles/ml, Ad-Gfp-hRobo4, ADV-221472; Vector Biolabs, Philadelphia, PA, USA) was injected over 6 min via a 30-gauge needle adjacent to the MCA at stereotactic coordinates (bregma: anterior-posterior, -0.5 mm; mediolateral, -1 mm; dorsoventral, -4 mm). ROBO4 overexpression was confirmed by western blot analysis and green fluorescent protein (GFP) expression 2 weeks after injection. The control group received GFP-tagged empty vector.
In vitro experiments Brain microvascular endothelial cells (BMVECs) were isolated as described previously [29] . Experiments were performed using cells between passages 4 and 6. Transfection of BMVECs was performed using Amaxa Nucleofector and a kit for primary endothelial cells (Lonza, Cologne, Germany), following the manufacturer's protocol. Optimisation experiments showed that the T023 programme and 300 ng of Robo4 plasmid (Qiagen, Valencia, CA, USA) gave the maximum transfection efficacy of 85% for BMVECs. Cells suspended in a nucleofection mixture with the Robo4 plasmid and pmax-GFP (Lonza) were electroporated and left in complete medium for 36 h to recover before experiments were performed. Control cells received pmax-GFP plasmid only.
Gene silencing
BMVECs were transfected with either scrambled, Robo4 small interfering RNA (siRNA) or β3 integrin (Itgb3) siRNA (Santa Cruz) using Amaxa Nucleofector kit, following the manufacturer's protocol (Lonza). Optimisation experiments showed that the T005 programme and 300 nmol/l of siRNA gave the maximum transfection efficacy (80-90%) and this was confirmed by western blotting (40-50% reduction). Cells suspended in a nucleofection mixture with the siRNA and pmax-GFP were electroporated and left to recover in complete medium for 24 h. Experiments were performed three times in duplicate within 72 h of transfection.
Cell migration, tube formation and permeability assays
The wound healing and tube formation assays were performed as described previously [29] . Briefly, a monolayer of cells was scratched and imaged at zero time and after 18 h. Images were acquired using an Axiovert 200 microscope (Carl Zeiss). Images were analysed for the percentage of migration. For the tube formation assay, equal numbers of cells were grown in 3D Matrigel overnight and imaged after 18 h. Images were analysed for mean tube count per field. For permeability assay, BMVECs were cultured in Transwell plates (Corning Life Sciences, Acton, MA, USA) for 24 h in complete medium and then in serum-free medium for an additional 24 h. the confluent monolayer of BMVECs in the upper chamber of the Transwells was treated with FITC-dextran (1 mg/ml, mol. wt 150,000; Sigma). The fluorescence intensity, equivalent to the relative amount of FITC-dextran in the lower chambers of the Transwells, was measured over a 30 min period and de termined using a Bio tek Spectrometer (Biotek Instruments, Winooski, VT, USA) (excitation wavelength, 485 nm; emission wavelength, 530 nm). Experiments were performed three times in duplicate.
Immunoprecipitation and western blot analysis
Brain homogenate (30-50 μg) in modified RIPA buffer (Millipore) was boiled with Laemmli sample buffer, separated on a 4-15% gradient SDS-polyacrylamide gel by electrophoresis, transferred to a nitrocellulose membrane and stained with a specific antibody. All primary antibodies were rat specific: anti-ROBO4 and anti-β3 integrin antibodies were purchased from Abcam (rabbit polyclonal, 1:500) and antiphospho β3 integrin, -actin, -VEGFR-2 and -phospho-VEGFR-2 were from Millipore (mouse, monoclonal, 1:500). For immunoprecipitation, equal loads of brain homogenates were treated with anti-β3 integrin antibodies overnight and immunoblotted with anti-ROBO4 antibody. Relative optical densities of immunoreactivity were determined by AlphaView densitometry software (version 3.4.0; Alpha Innotech, ProteinSimple, San Jose, CA, USA).
Inclusion and exclusion criteria
All data points were included in the data analyses.
Statistical analysis
Statistical significance for all analyses was assessed at an α level of 0.05 using SAS version 9.3 (SAS Institute, Cary, NC, USA). Comparisons were made between vehicle and VEGF antagonist (SKLB1002) or Robo4 adenovirus-treated GK rats using two-sample t tests. Comparisons between measurements made on the control and treated sides of the brain were made using a paired t test. One-way ANOVA was used to compare groups in Figs 2a-c and 4a-d. ATukey's adjustment for multiple comparisons was used for all post hoc mean comparisons for significant effects from all analyses. Results are presented as means ± SEM.
Results

Diabetes decreases the expression of ROBO4
ROBO4 expression was significantly lower in the cerebral vasculature of diabetic GK rats compared with control nondiabetic Wistar rats (Fig. 1a) . This was confirmed by measuring ROBO4 protein levels in BMVECs isolated from diabetic and control rats (Fig. 1b) .
ROBO4 overexpression restores augmented VEGF-induced angiogenic signal
Silencing Robo4 expression by approximately 40% (data not shown) in BMVECs isolated from control Wistar rats increased the cells' angiogenic properties, as shown by increased cell migration and tube formation compared with BMVECs transfected with scrambled siRNA (Fig. 2a) . Consistent with previous findings, BMVECs isolated from diabetic rats displayed augmented pro-angiogenic behaviour such as increased migration and tube formation [7] . Overexpression of ROBO4 (80-90% transfection efficiency, data not shown), significantly reduced migration, tube formation and cell Transwell permeability in BMVECs isolated from diabetic rats compared with pmax-GFP transfected diabetic rats (Fig. 2a,b) . In vivo, ROBO4 was overexpressed in the brains of the diabetic GK rats using an adenovirus construct that contains GFP-tagged ROBO4. Two weeks after unilateral stereotactic injection of the adenovirus, the ipsilateral vasculature was compared with the vasculature in the contralateral hemisphere of the brain (Fig. 2c) ; a 50% increase in expression was confirmed using immunoblotting. In vivo overexpression of ROBO4 significantly reduced all indices of neovascularisation (Fig. 2d) . Vascularisation in control rats that had received GFP-tagged empty vector was comparable with the contralateral hemisphere in rats that had received unilateral GFP-tagged ROBO4, indicating that the injection procedure did not affect the vascularisation response.
ROBO4 overexpression increases vascular stability
We examined the vascular pericyte coverage as an index of vascular maturity and stability after overexpression of ROBO4 in the cerebral vasculature. Pericytes were quantified using nuclear morphology with nuclear DAPI stain (Fig. 3a) and confirmed with immunostaining using anti-PDGF receptor-β antibody (Fig. 3b) . Overexpression of ROBO4 significantly increased the pericyte-to-endothelial cell ratio in the cerebral vasculature.
VEGFR-2 inhibitor SKLB1002 increases ROBO4 availability
A dose-finding study showed that treatment of diabetic GK rats with 10 mg/kg SKLB1002 each day for 2 weeks significantly inhibited VEGFR-2 phosphorylation (Fig. 4a) . Treatment with SKLB1002 (10 and 15 mg/kg per day for 2 weeks) significantly increased ROBO4 expression in brain homogenates (Fig. 4b) . VEGFR-2 inhibition or ROBO4 overexpression caused significant reduction of VEGF-induced activation and phosphorylation of β3 integrin (Fig. 4c ). In addition, immunoprecipitation studies showed that VEGFR-2 inhibition or ROBO4 overexpression significantly decreased the ROBO4-β3 integrin interaction (Fig. 4d) . In parallel, silencing the β3 integrin gene using siRNA significantly reduced the augmented angiogenic properties of BMVECs isolated from diabetic rats (Fig. 4e) .
Inhibition of VEGF angiogenic signalling with SKLB1002 prevents/repairs cerebral neovascularisation in diabetes
Early treatment of diabetic GK rats with VEGFR-2 inhibitor for 2 weeks significantly prevented cerebral neovascularisation as shown by reduction in cerebrovascular volume, surface area, vascular density and tortuosity (Fig. 5b) . To determine the therapeutic potential of VEGF-R2 inhibition, 14-week-old diabetic GK rats with established vascular disease were treated with the VEGFR-2 inhibitor for 2 weeks. SKLB1002 treatment significantly reduced all neovascularisation indices in the cortex and striatum (Fig. 5c ).
Discussion
The present study provides novel evidence that increased VEGF signalling in cerebral vessels in diabetes decreases the expression and availability of ROBO4 via binding with VEGF-activated β3 integrin. In vitro and in vivo overexpression of ROBO4 reduces the augmented VEGF-induced angiogenic signal and decreases cerebral neovascularisation in diabetes. Inhibition of the VEGF angiogenic signal using SKLB1002, a selective VEGFR-2 antagonist, decreases ROBO4-β3 integrin interaction, increases the expression and availability of ROBO4 and prevents/repairs cerebral neovascularisation in diabetes. (Fig. 6 ) We previously showed that diabetes causes cerebral neovascularisation in different models of diabetes including GK rats and db/db mice [25] . Similar findings were made in other rat models of diabetes such as the high-fat-diet/low-dose streptozotocin model (data not shown). GK rats, a lean and moderate model of type 2 diabetes, develop remodelled vessels that are poorly organised, poorly perfused, leaky and lack pericyte support. These changes are associated with increased VEGF signal [7] . Better understanding of the regulation of cerebral neovascularisation in diabetes is necessary to identify preventive and therapeutic strategies aimed against cerebral complications. ROBO4 is an endothelial cell-specific ROBO transmembrane receptor that regulates endothelial permeability and maintains the integrity of the vascular network. Slit-2 is the main ligand and ROBO4-Slit-2 inhibits cytokinemediated vasculogenesis and hyperpermeability [11, 12] . We and others showed that ROBO4 is endogenously expressed in BMVECs [30] . This study provides evidence that diabetic GK rats showed a significant reduction in ROBO4 expression in cerebral vessels and in isolated BMVECs.
In the present study, we tested the hypothesis that increased VEGF signalling in diabetes decreases the function and availability of ROBO4, leading to increased cerebral neovascularisation. The use of anti-VEGF treatments in diabetes is limited to diabetic retinopathy in which local application of the drug is preferred. However, pharmacological VEGF inhibition has been used successfully to prevent tumour angiogenesis and growth. VEGF is a well-known survival factor acting through multiple receptors. Unfortunately, while the treatment was effective in preventing or reducing tumour growth, many patients suffered from adverse effects including increases in blood pressure and kidney failure [31] . Therefore, it is essential to block the downstream angiogenic signal, mediated mainly via VEGF-R2, while maintaining other protective effects. SKLB1002, a cell-permeable potent VEGFR-2 selective inhibitor, was chosen for its reduced or low activity against 16 other kinases [32] . SKLB1002 suppresses tumour growth in mice via inhibition of angiogenesis [33] . To minimise possible systemic side effects while antagonising VEGF, a dose-finding study identified a small dose that is tenfold less than that used in tumour studies and sufficiently suppresses VEGFR-2 activation without any effect on blood pressure and proteinuria. SKLB1002 treatment prevented/reversed diabetes-induced neovascularisation that was associated with increased ROBO4 expression and function. Our novel studies support our hypothesis and expand our knowledge regarding the use of low-dose anti-VEGF treatments in the prevention of diabetes-induced cerebrovascular complications.
We used additional molecular gain-and loss-offunction approaches to further test our hypothesis. ROBO4 was overexpressed either locally in the striatum in vivo or in BMVECs in vitro. ROBO4 overexpression decreased all indices of neovascularisation at the injection site and increased vessel stability and maturation, as shown by increased pericyte coverage. In cells, ROBO4 overexpression decreased migration and improved barrier function, as indicated by reduced permeability. Conversely, knockdown of ROBO4 in control cells resulted in an angiogenic phenotype like that observed in cells isolated from diabetic rats. Our findings are in agreement with those of recent studies wherein ROBO4 signalling was found to promote vascular stability via modulation of VEGF signalling [11, [34] [35] [36] [37] . Similar to our finding, Cai et al showed that knocking down of ROBO4 increases endothelial permeability, decreases trans-endothelial electrical resistance values, downregulates expression of the endothelial tight junction proteins and increases matrix metalloproteinase-9 (MMP-9) activity [38] . The same group also showed that ROBO4 suppresses endothelial cell proliferation, migration and tube formation in vitro by inhibiting VEGR2-mediated phosphoinositide 3-kinase (PI3K)/Akt and focal adhesion kinase (FAK) signalling pathways [30] . Our study expands these findings in the context of diabetes and suggests that restoration of ROBO4 expression prevents neovascularisation and improves cerebrovascular integrity in diabetes.
Studies demonstrated that VEGF activates β3 integrin via phosphorylation at tyrosine 747 [22, 23, [39] [40] [41] [42] . Furthermore, one study also showed that ROBO4 binds to integrin, which causes inactivation of ROBO4-Slit-2 signalling and promotes vascular hyperpermeability [20] . To investigate whether this complex interaction is the underlying molecular mechanism by which VEGF signalling reduces ROBO4 availability in diabetes, we examined whether ROBO4 and β3 integrin interact in our model. Both VEGF inhibition and ROBO4 overexpression decreased β3 integrin activation as well as reducing the interaction between ROBO4 and β3 integrin, suggesting a feedback loop between ROBO4 and VEGF signalling. On the basis of our previous studies, we believe that diabetes-induced cerebral neovascularisation is a pathological process. We have shown that these vessels are leaky, lack pericyte coverage and have increased MMP-2, -3 and -9 activity [7, 43] . We reported vascular dysfunction and hypoxia in the brain before stroke [44] . Moreover, animals show cognitive deficits even before stroke and these newly formed vessels bleed upon ischaemic insult, worsening stroke outcomes [7, 25, 26, 43, 44] . For all these reasons, we believe that these vessels are dysfunctional. However, this process may also be a homeostatic response to overcome cerebral hypoxia.
There are limitations to this study. First, we focused on ROBO4 and did not address the role of Slit2-ROBO1 signalling, which has been shown to be proangiogenic [45] . Second, the in vivo overexpression approach is not specific for endothelial cells. However, these limitations do not affect the significance of our study, which used a combination of in vivo and in vitro techniques coupled with molecular and pharmacological gain-or loss-of-function approaches and provided evidence that restoration of ROBO4 expression and inhibition of VEGF signalling prevent cerebral neovascularisation in diabetes. Future studies focusing on the functional outcomes of cerebral ROBO4 restoration may help us determine whether these vascular changes are pathological. For example, improvement of cognitive function or attenuation of bleeding after stroke when neovascularisation is prevented by ROBO4 overexpression or VEGF inhibition would provide additional support for this concept and would also identify the therapeutic potential of ROBO4 targeting in diabetes. Data availability The data are available on request from the authors.
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